Abstract. We outline briefly the quasiparticle formulation of a microscopic multiphonon approach known as equation of motion phonon method and discuss its application to the neutron rich semi-magic 20 O. Our calculation emphasizes the crucial role of the two-phonon configurations, responsible for establishing an almost one to one correspondence between theoretical and experimental energy levels and for fragmenting the dipole strength, in qualitative agreement with the data. In particular, the fragmentation yields two dipole levels below the neutron threshold which correspond to the two peaks recently observed.
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Introduction
The equations of motion phonon method (EMPM) was developed few years ago [1, 2, 3] . It derives and solves iteratively a set of equations of motion to generate an orthonormal basis of multiphonon states built of phonons obtained in Tamm-Dancoff approximation (TDA). The basis so obtained is then adopted to diagonalize the residual Hamiltonian in a multiphonon space. The formalism treats one-phonon as well as multiphonon states on the same footing, takes into account the Pauli principle, and holds for any Hamiltonian.
The method was originally derived in the particle-hole scheme and applied to describe the dipole response in the heavy neutron rich nuclei 208 Pb [4] and 132 Sn [5] . Recently, it was formulated in terms of Bolgoliubov quasiparticles and applied to the open-shell 20 O [6] . Among the neutron rich oxygen isotopes, 20 O is one of the most extensively studied.
Several experiments have yielded a rich spectrum [7, 8, 9, 10] . Electromagnetic excitations induced by heavy-ion collisions have determined the dipole cross section over a wide energy range [11] , while a virtual-photon scattering experiment have detected two 1 − levels below the neutron decay threshold [12, 13] . These two excitations were further investigated in two recent experiments using ( 20 O +α) and ( 20 O + Au) probes [14] .
The low-lying spectra of 20 O were investigated theoretically within the coupled-cluster (CC) theory [15] and an extended shell-model using chiral two-and three-body interactions up to third order [15, 16, 17, 18] . The dipole strength distribution was studied within the phenomenological Shell-Model [19] , relativistic RPA [20] , time-dependent HF (TDHF) [21] , and RPA plus PVC [22] . The objective of these studies was to establish if the low-lying peaks are a manifestation of the pygmy dipole resonance (PDR) or are simply single particle excitations. Both spectrum and dipole response are investigated here in a unified fashion within the EMPM.
EMPM in the quasiparticle formalism
The main goal of the EMPM is to generate recursively a basis of n-phonon (n = 0, 1, 2, ..n..) states | α n , of energy E αn , having the form
where
is the quasiparticle TDA phonon operator of energy E λ acting on the (n − 1)-phonon states | α n−1 of energies E α n−1 , assumed to be known. The normalization factor ζ rs = (1 + δ rs ) −1/2 has been used. We start with constructing the equations of motion
where the subscript n was omitted for simplicity. After expanding the commutator and expressing the quasiparticle operators Z λ rs in terms of the phonon operators by inverting Eq. (2), we obtain [6] the generalized eigenvalue equations
is the overlap or metric matrix and V β is a phonon-phonon potential of the simple form
where W is a Racah coefficient and
The quantities ρ λλ 1 ([r × t] σ ) and ρ
denote, respectively, the TDA (n = 1) and the n−phonon (n > 1) density matrices [6] , while V σ rtsq (22) are the quasiparticle matrix elements. Their expressions can be found in Ref. [6] .
The generalized eigenvalue problem (4) is formulated in terms of the over-complete set of states | (λ × α n−1 ) αn . A procedure based on the Cholesky decomposition method enables us to extract a basis of linearly independent eigenstates and to turn the singular eigenvalue equation (4) into a regular one [1] . This new equation is solved iteratively starting from the TDA phonons
The basis so obtained can be adopted to solve the eigenvalue equations in the multiphonon space where the potential
couples subspaces differing by one and two phonons for a two-body Hamiltonian. The solution of the above equations yields the final eigenfunctions
where | α n are the correlated n-phonon states of the form (1). We used the nucleon-nucleon optimized chiral potential NNLO opt whose parameters were determined by a new optimization method which minimizes the effects of the three-nucleon force [23] .
Calculations and results
A canonical HFB basis [24] was generated in the configuration space of 11 harmonic oscillator major shells up to the principal quantum number N max = 10. The TDA phonons were determined in smaller configuration space which included up to the pf h major shell. Their energy and structure did not change when the full space up to N max = 10 was used. A procedure exploiting the Gramm-Schmidt orthogonalization method enabled us to generate phonons free of the spurious admixtures induced by the center of mass motion and the particle-number violation [24] .
We built a multiphonon basis up to n = 2 and included all two-phonon configurations fulfilling the condition E λ 1 + E λ 2 ≤ 30 MeV. This cut-off was fixed so as to reproduce roughly the first excited 1 − level. The cut-off affects only the energy of the correlated ground state but leaves unchanged the separation energies between excited levels. It would be necessary to include the three-phonon states in a space large enough to restore the correct separation between excited and ground state energies. These configurations are known to couple strongly to the one-phonon states and to push them down in energy [3] . Though feasible in principle, the inclusion of a large number of three-phonon states would have required unbearably lengthy calculations unless we resorted to some efficient approximations. We plan to do this in the future. Theoretical versus experimental [7, 8, 9, 10] spectra are shown in Figure 1 . A satisfactory agreement between theory and experiments is achieved only once the two phonons are included. Indeed, they produce a much richer spectrum and redistribute the energies so that an almost one to one correspondence between theoretical and experimental energy levels is achieved.
The two-phonon configurations play a crucial role also in shaping the dipole cross section. As shown in Figure 2 , the phonon coupling induces a severe fragmentation of the strength and a consequent quenching and spreading of the single peaks, consistently with the data. Appreciable discrepancies are noticeable, however in the low-energy region, where the experimental cross section is seriously underestimated. In fact, the strength collected by all the states up to ∼ 15 MeV accounts only for ∼ 6% of the TRK sum rule, just half the ∼ 12% fraction estimated experimentally [11, 12, 13] . The cross section integrated up to ∼ 27 MeV accounts for ∼ 38% of the TRK sum rule to be compared with the ∼ 45% determined experimentally.
Another intriguing effect of the phonon coupling is observed at low-energy. The lowest TDA 1 − peak gets fragmented into several smaller peaks with the appearance of two levels below the neutron decay threshold in agreement with the data obtained in a virtual-photon scattering experiment performed at MSU [12, 13] at around 100 MeV/nucleon. The isovector transition strengths measured by those experiments were reproduced with great accuracy by our calculation [6] .
Very recently, a new measurement [14] using the ( 20 O + α) and ( 20 O + Au) probes produced for these two levels the isoscalar dipole (ISD) strengths and, in addition, new isovector transition probabilities which differ appreciably from the previous measurements [12, 13] . The agreement with the theoretical isovector strengths is slightly spoiled but still satisfactory. Concerning the ISD transitions, the calculation reproduces the overall strength. In fact, the two levels are estimated to exhaust 2.78 % of the energy weighted sum rule (EWSR), almost within the experimental errors of the measured value. However, it is distributed among the two levels just in the opposite way. These two low-lying 1 − states have a dominant two-phonon character. The one-phonon components, responsible for the transition, account for 10% of the lower state and for 20% of the one at higher energy. A level crossing would be desirable. This may be induced for instance by the inclusion of the three-phonon configurations.
Conclusions
We have seen that the quasiparticle formulation keeps the same simplicity of EMPM in the particle-hole scheme and is well suited for clarifying the role of complex configurations on the properties of open shell nuclei, including those far from the stability line. The neutron-rich 20 O isotope is an important illustrative example. For the study of this nucleus, we have performed a calculation in a truncated space including up to a fraction of two-phonon states. The truncation of the two-phonon configurations is the only free parameter of our calculation. It was dictated by the necessity of keeping a reasonable energy gap between the excited and correlated ground states.
A calculation in the two-phonon space, while affecting little the excited states, would have depressed very significantly the ground state. It would have been, therefore, necessary to restore the correct energy gap by including a sufficiently large number of three-phonon states, which are known to couple strongly to the one-phonon configurations and to push the excited states down in energy. While feasible, the inclusion of the three phonon states would require a more efficient numerical implementation of EMPM. We plan to cope with this task in the future.
Although limited to a truncated space, the calculation has shown that the two-phonon configurations have a very strong impact on the spectra and the dipole response. They improve greatly the agreement between theoretical and experimental spectra by enhancing the levels density and redistributing the TDA energies, provide a fairly satisfactory description of the cross section in the region of the giant dipole resonance in virtue of the strong fragmentation of the dipole strength induced by the phonon coupling. They are also responsible for the appearance of two 1 − levels below the neutron threshold, detected in recent experiments, and reproduce the overall strength measured for these two levels.
